Zika virus (ZIKV) is a newly-identified infectious cause of congenital disease. Transplacental transfer of maternal IgG to the fetus plays an important role in preventing many neonatal infections. However, antibody transfer may also have negative consequences, such as mediating enhancement of flavivirus infections in early life, or trafficking of virus immune complexes to the fetal compartment. ZIKV infection produces placental pathology which could lead to impaired IgG transfer efficiency as occurs in other maternal infections, such as HIV-1 and malaria. In this study, we asked whether ZIKV infection during pregnancy impairs transplacental transfer of IgG. We enrolled pregnant women with fever or rash in a prospective cohort in Vitoria, Brazil during the recent ZIKV epidemic. ZIKV and dengue virus (DENV)-specific IgG, ZIKV and DENV neutralizing antibodies, and routine vaccine antigenspecific IgG were measured in maternal samples collected around delivery and 20 paired cord blood samples. We concluded that 8 of these mothers were infected with ZIKV during pregnancy and 12 were ZIKV-uninfected. The magnitude of flavivirus-specific IgG, neutralizing antibody, and vaccine-elicited IgG were highly correlated between maternal plasma and infant cord blood in both ZIKV-infected and -uninfected mother-infant pairs. Moreover, there was no difference in the magnitude of plasma flavivirus-specific IgG levels between mothers and infants regardless of ZIKV infection status. Our data suggests that maternal ZIKV infection during pregnancy does not impair the efficiency of placental transfer of flavivirus-specific, functional, and vaccine-elicited IgG. These findings have implications for the neonatal outomes of maternal ZIKV infection and optimal administration of antibody-based ZIKV vaccines and therapeutics. 
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Introduction
The emergence of Zika virus (ZIKV) in the Americas in 2015 revealed that ZIKV could be congenitally transmitted and cause fetal neurological damage [1] [2] [3] . Neurodevelopmental defects associated with congenital Zika syndrome (CZS) include microcephaly, arthrogryposis, motor and cognitive impairment, as well as vision and hearing loss [4] . ZIKV is the first example of a teratogenic vector-borne disease in humans. Initial estimates during the epidemic detected a 42% rate of fetal or neonatal abnormalities in symptomatic ZIKV-infected pregnant women [1] , whereas subsequent epidemiologic studies with larger populations estimated a 7-14% rate of neurological defects in infants of pregnant women infected with ZIKV [5, 6] . While the recent global epidemic has largely waned, the lack of preventative options for protection against ZIKV suggests ZIKV is likely to be a re-emerging and ongoing cause of congenital infections.
Transplacental transfer of IgG during pregnancy provides passive immunity to the fetus and is critical to protecting newborns against infections [7] . Maternal immunization during pregnancy can boost levels of protective IgG transferred to the fetus, providing a valuable tool for reducing neonatal morbidity. For example, tetanus immunization of pregnant women, or women of child-bearing age, resulted in a 94% reduction in neonatal tetanus mortality rates [8] . Moreover, maternal influenza vaccination and the magnitude of maternally derived antibodies are associated with protection of infants from influenza illness [9] [10] [11] . These benefits have led to the recommendation of providing diphtheria, tetanus, pertussis combined vaccines and influenza vaccines routinely during pregnancy [12, 13] . Therefore, transplacental transfer of IgG is an important feature of maternal vaccination and natural immunity that may be leveraged for protection against neonatal pathogens.
Humoral immunity is thought to play an important role in protection against flavivirus infections [14] [15] [16] . ZIKV neutralizing antibodies likely provide durable protection against reinfection, therefore eliciting robust antibody responses is a key goal of ZIKV vaccine development [17] . Given the severe consequences of ZIKV disease in neonates, an ideal ZIKV vaccine would not only prevent infection in vaccine recipients but also protect fetuses from ZIKV congenital transmission. One way to protect fetuses could be transplacental transfer of ZIKV vaccine-elicited IgG. However, transplacental transfer of flavivirus-specific IgG also can lead to enhanced DENV disease during infancy, and may mediate transcytosis of ZIKV immune complexes [18] [19] [20] . Due to the key role of antibody transfer for newborn health, it is important to delineate the quantity and function of IgG transferred from mother to infant during pregnancy and to determine how transfer is altered by congenital pathogens.
The cross-reactive antibody responses between the antigenically similar DENV and ZIKV may lead to risks in early life for DENV disease enhancement in infants through transplacental transfer of flavivirus antibodies [19, [21] [22] [23] [24] . This risk is known to be mediated by antibodies generated from a prior DENV infection that can enhance DENV viremia and disease and ZIKV antibodies may have the potential to similarly enhance DENV infection [25] [26] [27] . Timing of past flavivirus infection also influences this risk as cross-neutralization of DENV and ZIKV is restricted to early convalescence, and antibody populations become more virus-specific over time [28, 29] . While DENV-specific IgG are efficiently transferred in healthy pregnancies, waning maternal flavivirus-specific IgG levels throughout the first year of life leads to age-associated increased risk for severe DENV infection [19, 30, 31] .
A second concern regarding placental IgG transfer is the potential of viral transcytosis from maternal to fetal compartment with immune complexes and subsequent enhanced fetal infection. Viruses such as human cytomegalovirus (HCMV) may co-opt this IgG transfer mechanism and traverse the placenta through the the neonatal Fc receptor (FcRn) [32, 33] . Recent work suggests that ZIKV infection of human placental explants can be enhanced by DENV antibodies [18, 34] . However, available epidemiogical data suggest that recent DENV infection provides modest protection against ZIKV [35, 36] , highlighting the need to better understand the impact of cross-reactive antibodies in flavivirus disease. Antibody-dependent transfer of ZIKV across the placenta, antibody-mediated enhancement of DENV disease in infants, and antibody-mediated protection of fetuses and newborns are all dependent on intact transplacental IgG transfer.
Maternal-fetal IgG transfer occurs at placental villus trees in contact with maternal blood [33] . In healthy pregnancies, IgG is transferred efficiently such that IgG concentrations in infant cord blood are often equivalent to or higher than the mother's levels at delivery [7, 37] . Many factors contribute to the efficient transplacental IgG transfer via FcRn, such as IgG subclass, antibody avidity, gestational stage, hypergammaglobulinemia [33, 38, 39] , and maternal conditions or placental pathology.
Therefore, the premise for studying transplacental IgG transfer in the context of ZIKV infection in pregnancy is twofold. Firstly, maternal HIV-1 infection and placental damage due to malaria infection are two clinical settings associated with impaired IgG transfer [40] [41] [42] [43] [44] . Maternal ZIKV infection also results in placental damage, possibly due to viral infection of multiple placental cell types and inflammatory immunopathology [45] [46] [47] [48] . Interestingly, maternal infection with DENV, a closely related flavivirus, leads to increased risk of maternal mortality, pregnancy complications, premature birth, and low infant birth weight, as well as placental damage [49] [50] [51] [52] [53] . Yet, DENV infection in pregnancy does not impair transplacental IgG transfer in normal birth weight infants [54] . ZIKV infection in pregnancy can result in prolonged viremia, suggesting a viral reservoir in an immune privileged site [55] [56] [57] [58] . Secondly, maternal malaria and HIV-1 infection have been established to differentially impact transfer of IgG subpopulations specific to routine pediatric vaccines [40, 59] , which may be dependent on distinct Fc characteristics of each IgG population [60] . This phenomenon impacts antibody half-life in infant circulation and protection in early life. While prior studies show efficient transfer of recently boosted flavivirus antibodies after the ZIKV epidemic [61] , we further examined whether pre-existing IgG subpopulations relevant to newborn health are efficiently transferred following maternal ZIKV infection.
To investigate whether ZIKV infection during pregnancy impairs transplacental transfer of IgG specific to flaviviruses and common vaccine antigens, we enrolled a prospective cohort of 26 pregnant women from Vitória, Brazil, who presented with fever and rash symptoms consistent with ZIKV infection during the recent Brazilian ZIKV epidemic. Of these women, 20 paired maternal plasma and infant cord blood samples were available from delivery and used to define the efficiency of transplacental IgG transfer. Evaluating the magnitude and subpopulations of IgG transferred to newborns who are exposed to ZIKV in utero is critical to understanding the extent of vaccine protection or risk of severe flavivirus infections in early life, and the development of antibody-based therapeutics.
Methods

Study population and design
This study enrolled 26 pregnant women living in Southeast Brazil, from which only 20 delivery samples were collected. All enrollees presented with fever and/or rash during the ZIKV epidemic to investigate maternal and infant immunity to ZIKV infection during pregnancy. Two groups of mother-infant pairs are included in this observational study: one group with maternal ZIKV infection during pregnancy, and the other group without ZIKV infection during pregnancy. Therefore, mothers with fever or rash during pregnancy but without ZIKV infection served as a comparator group for those with ZIKV infection and symptomology.
Participants in this study were enrolled from July 2016 to October 2017 in the city of Vitó-ria, which is the capital of the State of Espírito Santo. There are 4 million inhabitants and 50,000 births per year in Espírito Santo with the majority living in the metropolitan region of Vitória [62, 63] . This region has had endemic DENV circulation for the past two decades [64] so it was expected that many participants would have been exposed to DENV previously and be seropositive for DENV. The first clinically suspected cases of ZIKV infection in Brazil were described in May 2015, and six months later (November 2015) the first autochthonous ZIKV case was confirmed in Espírito Santo [65] [66] [67] . In the months preceding our enrollment, there was a ZIKV incidence of 3,100 cases per 100,000 inhabitants, and a DENV incidence of 901 cases per 100,000 inhabitants in Espírito Santo [64] . In this timeframe, 77 CZS cases were reported to the State Health Department, including cases of microcephaly, defects of the central nervous system suggestive of congenital infection, or stillbirths [64] . Since this region reflected key features of flavivirus co-endemic settings and had ongoing ZIKV transmission, it was considered representative of regions with a burden of ZIKV disease and appropriate for study of maternal and infant ZIKV immunity.
Recruitment
The enrollment field site is based in the city of Vitória at the the Núcleo de Doenças Infecciosas (NDI), at the Universidade Federal do Espírito Santo. During our study, suspected ZIKV infection was considered a reportable condition to the State Health Department for all patients seen at public or private clinics within the state. Within a week of a case reported by a physician to the State Health Department, a staff member reported notifications of pregnant suspected ZIKV cases within the State to NDI. Thus the recruitment strategy relied on passive surveillance systems, and no active recruitment was conducted in the community. Upon referral, staff at the NDI contacted pregnant suspected ZIKV cases within the Vitória metropolitan area by phone regarding interest in participating in this study. If interested, pregnant suspected ZIKV cases were invited to the NDI for written informed consent and first recorded visit in our study at the time of enrollment.
Enrollment and follow-up
At the initial visit for study enrollment, three inclusion criteria were confirmed: 1) pregnant women with rash or fever; 2) patient was a minimum of 18 years of age; 3) willingness to participate in study through provision of written informed consent. No exclusion criteria were defined. During the enrollment visit, a clinical history and physical evaluation were performed by a licensed physician, and blood and urine were collected. The following demographic information was collected at enrollement: age, municipality, date of birth, last menstrual date, recall of prior DENV disease, family members or neighbors with symptoms of ZIKV infection, use of insect repellant, prior vaccination for yellow fever virus, sexual activity in the 10 days before symptoms of ZIKV infection, symptoms of ZIKV infection in sexual partners, partner's use of insect repellent, and use of drugs, tobacco, or alcohol during pregnancy. Any clinical records and ultrasounds during the pregnancy before symptoms of ZIKV infection also were collected. All participants were referred for additional prenatal clinical care consultations and ultrasounds. Transportation to the NDI research site for every visit, as well as all recommended consultations with obstetrician-gynecologists and ultrasounds were funded by the study. For each participant, gestational age at the time of symptoms and delivery was calculated based on the last menstrual period date and confirmed by ultrasound (performed at 9-22 weeks).
After the enrollment visit, all participants were followed up weekly for up to four weeks, and monthly visits thereafter until delivery. Though followup of the mothers and infants in this study is ongoing, the present report only includes samples through delivery. At every visit, a standardized questionnaire was administered in the form of a semi-structured interview by a trained research staff member at NDI. Through this questionnaire we collected information on the presence and duration of symptoms related to ZIKV infection.
At the time of delivery, maternal blood and urine, infant cord blood, and placenta were collected. Newborn head circumference was measured by a nurse prior to hospital discharge, and reported to study staff. Head circumferences were converted to z score for the corresponding gestational age using the Newborn Cross-Sectional Study of the INTERGROWTH-21st Project standards. Microcephaly was defined per WHO and INTERGROWTH-21 st guidelines as a z score lower than -1.88, which is the 3rd percentile of newborns at each gestational age [68, 69] .
Sample collection
Blood samples were collected into heparin or EDTA tubes, stored at room temperature up to six hours, and centrifuged at 1300 x G for 10 minutes to obtain plasma. Infant umbilical cord blood was collected by clamping the cord, cutting it, and draining blood into sterile collection tubes. Urine samples were collected mid-stream in a sterile screw-top container and stored at -80˚C. Plasma samples were stored at -80˚C, then shipped to Duke University on dry ice. 
Ethics statement
RT-PCR assay for detection of ZIKV
Viral RNA was extracted from 140μL of plasma and urine using QIAmp Viral RNA Mini Kit (Qiagen). Previously described RT-PCR primers and probes specific for ZIKV were used: ZIKV1086, ZIKV 1162c, and ZIKV1107-FAM [70] . For this one-step RT-PCR reaction, 5μL of RNA was combined with 500nM primers, 250nM probe and nucleotides in a total volume of 20μL, including SuperScriptIII RT and Platinum Taq DNA polymerase Mix (Invitrogen). The negative controls were serum from a 30-year old asymptomatic subject in Vitoria collected in 2016, and PCR grade water (no template control). The positive control was supernatant from ZIKV-infected Vero cells. Samples and controls were tested in duplicate, and ZIKV positivity was indicated by detection of amplification at <38 cycles in both duplicate wells on the Applied Biosystems 7500 Fast platform.
ZIKV IgM antibody capture enzyme-linked immunosorbent assay (MAC-ELISA)
The CDC MAC-ELISA was adapted and used to detect IgM specific for ZIKV in maternal and cord blood plasma [71] . Briefly, 96-well high-binding ELISA plates were coated with 20 μg/ml of mouse anti-human IgM (Sigma #I0759) overnight at 4˚C. Plates were blocked for 30 minutes at room temperature with 5% milk in 0.5% TBST, and then samples were added at a 1:40 dilution in quadruplicate for 1 hour at 37˚C. Antigen (ZIKV H/PF/2013 grown in C6/36 cells), or C6/36 conditioned media as a negative control, was added at a 1:40 dilution overnight at 4˚C. Then, an HRP-conjugated pan-flavivirus antibody (6B6C-1) was added for 1 hour at 37˚C, followed by TMB substrate. Plates were incubated for 20 minutes, upon which 1N H 2 SO 4 was added to stop the reaction. A positive result required that the absorbance for a particular plasma was greater than 3-fold higher than the absorbance for that same plasma on C6/ 36 conditioned media. Samples run on each plate also include a confirmed ZIKV IgM positive and negative sample.
Cell culture and virus stocks
Vero-81 cells were grown in Dulbecco's Modified Eagle Media (Gibco 11965092) supplemented with 5% heat-inactivated fetal bovine serum (Cellgro, Cat#35-016-CV) and L-alanyl-L-glutamine (Thermofisher, GlutaMAX Cat#35050079). Viruses used for the focus reduction neutralization test were DENV1 (WestPac74) hours after delivery. Three sets of full thickness samples of placental parenchyma were obtained in every case and histology performed as previously described [72] . For the histological analysis, sections were fixed in 4% formaldehyde phosphate buffered solution, paraffin embedded, and 5μm sections were stained with hematoxylin and eosin. Histological sections were examined specifically for villous lesions by a pathologist. Villitis was diagnosed if inflammatory exudate was present in the trophoblast or in the villous stroma and was categorized by Knox & Fox and Redline criteria [73, 74] . Placentas were assessed as low-grade villitis if less than 10 villi were involved per focus, and high-grade if more than 10 villi were involved per focus [73] .
Focus reduction neutralization test
We used previously described methods for FRNT-50 in a 96 well plate [29] . Briefly, serial 5-fold dilutions of heat-inactivated plasma were added to 50-80 focus forming units of either DENV or ZIKV and incubated for 1 hour at 37˚C, then transferred to a confluent plate of Vero-81 cells and incubated for 1 hour at 37˚C. Then an overlay of 1% methylcellulose was added. Cells were fixed with 2% paraformaldehyde and stained with 1 μg/mL of E60 mouse monoclonal antibody targeting the conserved flavivirus fusion loop [75] 
Detection of virion binding IgG
To measure IgG binding responses against whole flavivirus virions, high-binding 96-well ELISA plates (Greiner) were coated with 30 ng/well of 4G2 antibody (clone D1-4G2-4-15) in carbonate buffer, pH 9.6 overnight at 4˚C. Plates were blocked in Tris-buffered saline containing 0.05% Tween-20 and 5% normal goat serum for 1 hour at 37˚C, followed by an incubation with either ZIKV, DENV1, DENV2, DENV3 or DENV4 for 1 hour at 37˚C. Plasma was tested at a 1:25 starting dilution in 8 serial 3-fold, 5-fold, or 10-fold dilutions, incubating for 1 hour at 37˚C. Horseradish peroxidase-conjugated goat anti-human IgG antibody (Jackson ImmunoResearch Laboratories, Inc; 109-035-008) was used at a 1: 5,000 dilution, followed by the addition of SureBlue reserve TMB substrate followed by stop solution (KPL). Optical densities (OD) were detected at 450 nm (Perkin Elmer, Victor). ED 50 values were calculated with the sigmoidal dose-response (variable slope) curve in Prism 7 (GraphPad), which uses a least squares fit. An ED 50 value was considered valid if the OD at plasma dilution 1:25 was two (2SD) or three (3SD) standard deviations above the mean OD observed for 11 plasma samples from healthy U.S. subjects (2SD OD cut-offs: DENV-1 = 0.406, DENV-2 = 0.648, DENV3 = 0.906, and DENV-4 = 0.885; 3SD OD cut-off: ZIKV = 0.596). Software generated ED 50 values from curves with an OD at 1:25 plasma dilution below this cut-off were considered non-binding and plotted at the limit of detection.
Determination of transplacental transfer of IgG against routine pediatric vaccines
IgG binding to antigens from pediatric vaccines that are used routinely in Brazil was tested using a customized binding antibody multiplex assay on the Luminex platform, as previously described [76] . ACT AGG AGA GCA GAC TCT CAG AGG. For the negative control, PCR grade water was used as a substitute for extracted DNA in the reaction with in four replicate wells. A 10-fold, 7 series dilution of plasmid with the amplification region was serially diluted starting at 1x10 8 copies/ mL to generate a standard curve for quantitation of HCMV DNA in each sample. The lowest dilution on the standard that could be reliably amplified across replicates was considered as the threshold for positivity (250 viral DNA copies/mL).
Definition of ZIKV infection
As ZIKV viremia is transient, RT-PCR does not reliably detect ZIKV infection beyond 10-14 days from exposure [77] . Therefore, we combined a RT-PCR diagnostic with serological approaches based on delivery maternal plasma FRNT-50 titer (FRNT-50) against ZIKV and DENV (types 1-4). "Primary ZIKV" infection (no prior DENV or ZIKV infection) was defined as either i) a high ZIKV FRNT-50 (>300) and a low DENV1-4 FRNT-50 (<300), or ii) a low ZIKV FRNT-50 titer that is still >25 and at least one DENV FRNT-50 >25, suggesting only a weak transient cross-neutralizing response between ZIKV and DENV. A history of both ZIKV and DENV ("DENV+ZIKV") was defined as high ZIKV FRNT-50 (>300), and at least one DENV FRNT-50>300. DENV immunity only (no ZIKV immunity) was classified as low ZIKV FRNT-50 (<300), but DENV FRNT-50 >25 (Fig 1) . Thus, we defined ZIKV infection as "primary" or "secondary" ZIKV based on serological evidence of prior DENV exposure, whereas the ZIKV-uninfected group may include subjects naïve to both ZIKV and DENV or those exposed to only DENV. Since infection with one DENV serotype results in neutralizing activity against that same serotype [78] , and a subsequent infection with a different serotype results in broad DENV cross-neutralizing activity, we designed criteria to differentiate primary and secondary DENV infections based on whether the second-highest DENV FRNT-50 was within four-fold of the highest DENV FRNT-50. To further account for serological cross-reactivity from recently infected subjects in assessing ZIKV infection status, we confirmed DENV-negative status by RT-PCR where acute samples were available. Sera with FRNT-50 values below the limit of detection for all five viruses were classified as ZIKV and DENV naïve. This definition was based on the assumption that a dominant ZIKV neutralization response at delivery was attributable to the recent symptomatic illness during pregnancy and not a prior ZIKV infection, given the recency of ZIKV introduction to the region during the period of enrollment. RT-PCR results from a plasma sample collected <7 days after symptom onset that were discordant with the serological assessment were repeated.
Statistical analysis and power
Statistical analysis was performed using SAS (version 9.4) and Prism software (GraphPad; version 7). Serological responses are presented as a magnitude of flavivirus binding IgG (ED50), neutralizing (FRNT-50), and vaccine antigen binding IgG (μg/mL or IU/mL). These measures were assessed for each of the 26 maternal and 20 infant delivery samples, for each antigen tested (S1 Fig). The percent IgG transferred from mother to infant describes the transplacental transfer efficiency, and is calculated as the ratio of the magnitude of infant cord blood IgG binding level (measured as ED50 or μg/ml) to the maternal IgG binding level multiplied by 100. Note that this percent transfer ratio is specific to each antigen tested. Data are presented as dot plots of percent transfer for each mother infant pair in the ZIKV-infected group as compared to the ZIKV-uninfected group. Scatter plots are used to display the relationship and distribution of the maternal IgG level as compared to the infant IgG level, by antigen. With a sample size of 26 mothers and 20 infant samples, our study is powered to reject the null hypothesis (no correlation between maternal and infant antibody responses), at an alpha of 0.05 with a power of 0.89 for neutralizing titer correlations, and 0.99 for correlations of IgG binding to flaviviruses or vaccine antigens. Therefore, this study is adequately powered to detect associations between maternal and infant antibody measures. For Wilcoxon Rank tests comparing IgG transfer efficiency between ZIKV-infected and uninfected mothers, this study is powered to assess significant differences between ZIKV-infected and uninfected groups in flavivirus IgG binding at an alpha of 0.05 (power = 0.93), but not for vaccine antigen IgG (power = 0.15) and neutralizing IgG (power = 0.48). This is due to differences in the extent of variability in measures by assay type.
Due to the small size of this cohort, a Gaussian distribution could not be inferred and therefore non-parametric statistical tests were applied. To compare IgG binding between ZIKVinfected and -uninfected groups, the Wilcoxon Signed and Exact Wilcoxon Rank Sum tests were applied. For correction of multiple comparisons, the Bonferroni correction was applied. Data were not stratified beyond the ZIKV infection status exposure group. The Kendall Tau test was used to evaluate correlations between maternal and infant responses with the alpha level of significance set to 0.05.
Results
Cohort characteristics
Pregnant women aged 18 to 39 years were enrolled based on symptoms suggestive of ZIKV infection, such as rash, arthralgia, and fever (Table 1) . Nearly all enrolled participants (24/26) were from the Vitoria metropolitan area. One subject (B1_0037) exhibited prolonged viremia, which was detected by RT-PCR up to 42 days post symptoms. Mothers were tested for common congenital "TORCH" pathogens where samples were available (S1 Table) . These data indicate no recent Toxoplasma infections (no maternal IgM positive sera), high IgG seropositivity to rubella virus, and no evidence for maternal syphillis infection. Testing of infant cord blood for HCMV DNA found one case of congential HCMV transmission in the ZIKV-uninfected group. 
Serologic profile of flavivirus neutralization
ZIKV testing by RT-PCR was performed in plasma and urine, collected between 2 and 15 days post symptom onset in 22 out of 26 women (Table 2 ). According to plasma neutralization titers, most women were DENV seropositive, regardless of ZIKV infection status. The remaining four women were referred for enrollment only after the resolution of symptoms, at 36 to 217 days since symptoms, and thus their negative ZIKV RT-PCR result was inconclusive. All women with acute samples available were negative for DENV by RT-PCR at enrollment, and one (B1_0035) was positive for CHIKV by RT-PCR (S2 Table) . Because ZIKV viremia typically is detected only in the acute phase of infection (�14 days after exposure), and the possibility of a false positive RT-PCR ZIKV test, we used serology to classify maternal ZIKV exposure as well as prior DENV infection history. Since detection of ZIKV-binding antibodies by ELISA does not distinguish ZIKV exposure from other flaviviruses, and this region has high DENV seroprevalence, we determined the FRNT-50 of all maternal plasma samples collected at delivery, which ranged from 39 to 217 days following onset of ZIKV symptoms. Although DENV and ZIKV antibodies cross-react in binding assays (e.g. ELISA), we and others have shown that there is minimal cross-neutralizing activity in convalescent sera [23, 29] . By these definitions, 11 out of 26 women had serological evidence of ZIKV infection, only 2 of which were DENV naïve, indicating a primary ZIKV infection (Table 2) . Two out of 26 women were naïve for both ZIKV and DENV, and the rest had serological evidence of DENV infection with no ZIKV infection. Though one mother classified as ZIKV naïve (Primary DENV) by serology (B1_0009) had a positive RT-PCR result at initial presentation, subsequent RT-PCR testing of stored plasma was negative, suggesting that the initial result was a false positive. Of note, two patients (B1_0002 and B1_0037) were ZIKV IgM positive at delivery.
Infant outcomes
At birth, all infants born to ZIKV negative mothers were assessed to be healthy. Of the 11 infants born to mothers with serological evidence of ZIKV infection, one infant (born to B1_0001) presented with microcephaly at birth, with a head circumference below 3 rd percentile based on WHO International Standards, and neurologic abnormalities such as corticalsubcortical calcifications, dysgenesis of the corpus callosum, pachygyria, and colpocephaly upon transfontanellar ultrasound and CT scan [79] . Delivery cord blood sample was not available for this infant. Neurodevelopmental assessments of the infants from this cohort are ongoing.
Placental histology
Lymphohistiocytic chronic villitis (inflammatory lesions in the placenta with an infiltrate of lymphocytes and macrophages) [80] , was observed in the placentas of 5 of 11 (45%) ZIKVinfected mothers (Table 3 and Fig 2) . The villitis was focal, involving less than 10 villi per focus, consistent with mild, low grade chronic villitis [73, 74] . One placenta (B1_0004) demonstrated mild necrosis in the villitis focus and two placentas (B1_0004 and B1_0014) demonstrated small focal avascular villi with stromal fibrosis, consistent with fetal artery thrombosis in the absence of any other abnormality. We tested frozen placental samples by qRT-PCR but did not detect ZIKV RNA. In contrast, no vilitis was observed in any of the 8 ZIKV-uninfected subjects.
Magnitude and kinetics of IgG binding responses to ZIKV and DENV over the course of pregnancy
ZIKV infection during pregnancy has been associated with prolonged viremia in humans and non-human primates [55, [81] [82] [83] , and one patient in our study (B1_0037) exhibited prolonged viremia, with plasma testing positive for ZIKV RNA up to 42 days post onset of symptoms (Fig  3) . We compared ZIKV antibody binding dynamics between patient B1_0037 and two other ZIKV-infected women from the cohort for whom multiple sequential serum and urine samples were available for analysis (B1_0014 and B1_0030). B1_0030 only tested positive for ZIKV in urine by RT-PCR at the first 2 visits (within 18 days of symptoms), and B1_0014 tested ZIKV-negative by RT-PCR but was classified as ZIKV-infected by serology. Of note, these cases have different flavivirus exposure histories as B1_0014 had prior exposure to DENV, and B1_0030 had a primary ZIKV infection. The magnitude of maternal plasma IgG binding to ZIKV, DENV1, DENV2, and DENV4 was measured by virion capture ELISA and neutralization was measured by FRNT-50 in plasma collected at every visit during gestation and delivery (Fig 3) . We found that all three subjects sustained high levels of flavivirus-binding IgG and neutralizing antibodies throughout pregnancy, with the peak antibody response detectable one to three weeks post onset of symptoms.
Transplacental transfer of flavivirus-specific and cross-reactive IgG in ZIKV-infected and uninfected women
To determine if ZIKV infection during pregnancy disrupts transplacental transfer of flavivirus-specific IgG from mother to infant, we compared the magnitude of flavivirus-specific antibody binding responses in maternal plasma at delivery and infant cord blood plasma by virion capture ELISA in 20 mother-infant pairs with delivery samples available. For those with ZIKV infection, IgG binding to ZIKV, DENV1, DENV2, DENV3, and DENV4 virions was not significantly different between maternal plasma and paired infant cord blood from delivery (Wilcoxon Signed Rank Test; Bonferroni adjusted P >0.05 for all viruses tested).
We calculated the efficiency of mother-to-fetus transfer of flavivirus-specific IgG as the ratio of the magnitude of infant cord blood antibody binding response to the maternal response, expressed as a transfer efficiency percentage (Fig 4 and S3 Table) . For those with paired maternal and infant samples available, we compared the flavivirus-specific IgG transfer efficiencies in ZIKV-infected (n = 8) and uninfected (n = 12) women, and found no significant difference in the transplacental transfer efficiency of flavivirus-specific IgG between the groups (Exact Wilcoxon Rank Sum Test; Bonferroni adjusted P > 0.05 for all viruses tested), indicating that ZIKV infection during pregnancy did not disrupt transplacental transfer of flavivirusspecific IgG.
As expected, in the virion capture ELISA we observed cross-reactive binding to ZIKV with plasma from 8 women who were DENV seropositive but ZIKV-uninfected. These ZIKV-uninfected subjects also demonstrated transfer of ZIKV-binding (cross-reactive, non-neutralizing) IgG from mother to infant (Fig 4 and S3 Table) . As expected, we did not detect ZIKV-specific IgG in 2 ZIKV/DENV naïve subjects or in 2 DENV seropositive patients and therefore percent IgG transfer could not be calculated for these subjects. Of the 8 DENV seropositive subjects with ZIKV-reactive IgG transferred to cord blood, 5 were seropositive for multiple DENV serotypes (B1_0016, B1_0024, B1_0026, B1_0033, and B1_0034), and 2 were seropositive for only a single DENV serotype (B1_0009 and B1_0011), indicating that ZIKV cross-reactive IgG can be transferred to the fetus in the case of primary or secondary DENV exposure history. Moreover, percent IgG transfer was not significantly associated with magnitude of the typespecific IgG in maternal plasma ( S2 Fig). Additionally, we assessed whether there was efficient transplacental transfer of flavivirus neutralizing IgG in ZIKV-infected pregnant women. The DENV FRNT-50 of paired maternal and cord blood plasma also were positively correlated, suggesting that functional maternal IgG were transferred efficiently to the fetus (Fig 5) .
Transplacental transfer of vaccine-elicited IgG in ZIKV-infected and uninfected women
To assess whether ZIKV infection during pregnancy impacts placental transfer of IgG against vaccine antigens, we measured the magnitude of IgG binding against a panel of standard vaccine antigens from hepatitis B virus, rubella virus, Haemophilus influenzae type B, Corynebacterium diphtheriae, Bordetella pertussis, and Clostridium tetani. We found no significant differences in the magnitude of vaccine-specific IgG in maternal plasma and infant cord blood from delivery, in both ZIKV-infected and uninfected pregnant women (Wilcoxon Signed Rank Test, P > 0.05 for all vaccine antigens). Moreover, in ZIKV-infected and uninfected cases, we observed strong positive correlations in the concentration of vaccine-specific IgG between maternal plasma and infant cord blood for all vaccine antigens tested, indicating efficient placental transfer of vaccine-specific IgG levels regardless of ZIKV infection status (Fig 6  and S3 Table) . Based on the protective vaccine-specific IgG levels established by the WHO, infants born to mothers who had protective levels of vaccine-specific IgG and ZIKV infection during pregnancy, received similarly protective IgG levels as infants born to ZIKV-naïve mothers [84] . Altogether our study demonstrates that efficient transfer of IgG from mother to fetus is maintained in this cohort irrespective of maternal ZIKV infection or placental pathology. Furthermore, this efficient transplacental IgG transfer includes both vaccine-specific antibodies and flavivirus antibodies relevant to maternal vaccination strategies and flavivirus disease in newborns.
Discussion
Transplacental transfer of IgG provides passive immunity to fetuses, which is critical to protecting newborns in their first months of life [7] . However, maternal conditions and infections during pregnancy may disrupt IgG transfer via mechanisms including placental impairment and inflammatory responses [85] . Moreover, viral antigenic complexity and natural history of infection shapes the IgG populations elicited, which have different propensities to be transferred across the placenta by the FcRn [85, 86] . Thus, we investigated the impact of maternal infection with ZIKV on maternal-fetal IgG transfer in 20 mother-infant pairs from a prospective cohort in Vitoria, Brazil. We assessed transfer of key IgG populations, including ZIKV and DENV binding and neutralizing IgG, as well as IgG specific to routine vaccine antigens.
For all flavivirus and vaccine antigens tested, we found that maternal and infant binding IgG levels were highly correlated in both ZIKV-infected and -uninfected groups. Also, there were no significant differences in the magnitude of flavivirus-binding IgG levels between mothers and infants among mothers with ZIKV infection during pregnancy. Moreover, DENV neutralization and binding IgG levels were highly correlated between mothers and infants regardless of maternal ZIKV infection in pregnancy. In the case of DENV1 and ZIKV neutralizing IgG levels, though the positive correlation between mother and infant neutralizing titer was weak (r = 0.23 and 0.52 respectively), the outliers of the linear trend were shifted such that the magnitude of infant IgG neutralization is greater than that of the maternal neutralizing titer, indicating efficient IgG transfer. This positive association of maternal and infant IgG levels represents active transfer that is not solely dependent on the magnitude of the type-specific IgG in maternal plasma. Also, the substantially overlapping ranges in antibody levels between mothers and infants suggests no biologically relevant differences in transplacental transfer of flavivirus binding and neutralizing IgG, or of vaccine specific IgG after ZIKV infection in pregnancy. Cumulatively, these data indicate no evidence of impairment in the transplacental IgG transfer at the time of birth after maternal ZIKV infection during pregnancy, as compared to mothers with fever and rash during pregnancy without ZIKV infection.
Our study corroborates recent findings demonstrating efficient transfer of ZIKV, DENV3 and DENV4 neutralizing antibodies in mother-infant pairs from the Northeast of Brazil in 2016 [61] . Specifically, Castanha et al. found that newborns with the outcome of micrcephaly, some of whom were exposed to ZIKV in utero, had no evidence of impaired transfer of neutralizing antibodies at birth as compared to controls without microcephaly [61] . Our work complements the finding from that case-control study through a prospective cohort design, in which we identified women with ZIKV infection during pregnancy and followed up until delivery to quantify impact on transplacental IgG transfer. This prospective design adds a temporality to the association between ZIKV infection and neutralizing IgG transfer oberserved earlier [61] . Moreover, our study represents a geographically distinct site in Southeast Brazil, with lower ZIKV prevalence. Altogether, this work strengthens the body of evidence indicating no impairment in transplacental IgG transfer with ZIKV infection in pregnancy, with implications for maternal vaccination strategies and flavivirus disease in newborns.
As different viral antigen-specific IgG subpopulations may be differentially impaired in placental transfer due to maternal infections and conditions during pregnancy [87] , we tested IgG transfer of non-flavivirus antibodies that are specific to diverse vaccine antigens. IgG elicited by routine pediatric and boosted maternal vaccines were also transferred efficiently despite maternal ZIKV infection. In cases where the mother had a protective level of IgG against vaccine-preventable infections, the infant received a similarly protective level.
Our study further aimed to complement existing evidence of placental pathology caused by ZIKV infection, and determine whether this could have a role in the transplacental transfer of humoral immunity. Previous observations of impaired transplacental IgG transfer in the setting of maternal HIV and malaria infection generally have been noted in conjunction with identifiable placental pathology [40, 85] . Although we were unable to detect ZIKV RNA in placentas from our study, another study identified ZIKV RNA in 54% of placentas from 44 ZIKV-infected women [48] . We found that 5 of 11 ZIKV-infected women in our cohort had chronic placental villitis, higher than the 5-15% expected for term placentas [88] . Notably, this pathology is similar to that described in placental infection with HCMV, rubella virus, or Toxoplasma gondii [80] . In constrast, no vilitis was observed in the 8 placentas assessed from ZIKV-uninfected mothers, suggesting that vilitis in the ZIKV-infected subjects may have been specific to maternal ZIKV infection in pregnancy. Furthermore, to assess the impact of ZIKV infection associated placental pathology on IgG transfer, subgroups of ZIKV-infected subjects with noted placental pathology would have to be compared to a ZIKV-infected subgroup without placental pathology. However, our limited sample size of 8 ZIKV-infected individuals with paired infant samples precludes formal comparison
We found that despite disruption of placental architecture in nearly half of our ZIKVinfected pregnancies, transplacental transfer of flavivirus-binding and -neutralizing IgG was sustained following maternal ZIKV infection. This finding is relevant to future studies of vaccine-elicited fetal protection against ZIKV, as animal studies demonstrate envelope binding and neutralizing antibodies as correlates of protection against ZIKV infection [89, 90] . Transfer of flavivirus-neutralizing antibody is relevant because neutralization titers are known to correlate with vaccine protection against other flaviviruses, including Japanese encephalitis virus, yellow fever virus, West Nile virus, and tick-borne encephalitis virus [91] [92] [93] [94] . Moreover, in ZIKV-infected women with serial plasma collection during pregnancy, ZIKV-specific IgG levels were sustained throughout gestation after peak response within 3 weeks of symptoms. These kinetics suggest that transfer of flavivirus-specific IgG to the fetus should readily occur throughout the 2 nd and 3 rd trimesters of pregnancy following maternal ZIKV infection. While it is possible that ZIKV infection during pregnancy could result in a transient disruption of transplacental IgG transfer that is restored by the time of birth, our goal was to evaluate levels of maternal IgG present at delivery as these transferred IgG have the potential to modulate protection or disease risk in infants [7] [8] [9] [10] 18, 34, 95] .
There are several implications of the findings in this study. Efficient transfer of ZIKV-neutralizing IgG in ZIKV-infected mothers could be a mode of transferring protective humoral immunity from mother to infant, despite infection during pregnancy. Notably, transfer of protective levels of vaccine-specific IgG to boost passive immunity in the newborn is a key objective of maternal immunization [96] and our findings suggest that ZIKV infection during pregnancy does not impair this protective mechanism. With candidate maternal ZIKV vaccines or therapeutics, this may be one mode of conferring passive immunity to the fetus and, potentially, reducing the burden of congenital and neonatal ZIKV infection.
Alternatively, transfer of cross-reactive non-neutralizing DENV-elicited antibodies may pose a risk as antibodies from primary DENV infection can enhance secondary DENV infection, leading to more severe disease in infants as maternal antibody titers wane [20, 25] . We detected transplacental transfer of ZIKV-binding IgG in DENV-immune mothers without ZIKV infection. Cross-reactive ZIKV-elicited antibodies may be able to mediate antibodydependent enhancement of subsequent DENV infection in early infancy [20, 27, [97] [98] [99] . Additionally, there is some concern that efficient IgG transfer may facilitate transcytosis of ZIK-V-IgG complexes into the fetal compartment, a suggested mechanism of fetal infection for HCMV [18, 32] . Thus, transplacental transfer of ZIKV cross-reactive IgG should be considered in the evaluation of candidate ZIKV vaccines, as sub-neutralizing levels of cross-reactive IgG may increase the risk of severe flavivirus infections in fetuses or infants.
Limitations of this study include the small sample size of 26 mothers, including 20 motherinfant pairs with delivery samples available. In assessing statistically significant associations (alpha = 0.05) via Kendall-Tau correlations between mothers and infants, we had 89% to 99% power across assays to detect a true direct correlation of maternal and infant IgG levels. Therefore, our conclusions of intact placental IgG transfer are predominantly based on the high levels of association of maternal and cord blood antibody responses.
As for significant differences in the magnitude of IgG responses between ZIKV-infected and uninfected mother-infants pairs via the Wilcoxon Signed-Rank Test, this study has a 93% power to detect differences in flavivirus binding responses between ZIKV-infected and uninfected groups (alpha = 0.05). However, the study is underpowered (power < 50%) to detect significant differences in magnitude of neutralizing or vaccine-specific responses between ZIKV-infected and -uninfected subjects due to higher levels of variability in these measures. Consequently, significant differences are only reported and analyzed for the flavivirus-binding IgG levels, but not for neutralization and vaccine-elicited IgG levels. Though, noting the substantially overlapping range of immune responses in the ZIKV-infected group as compared to the ZIKV-uninfected group is biologically relevant to our understanding of transplacental IgG transfer in the setting of maternal ZIKV infection and could inform future studies on neonatal flavivirus immunity.
Another limitation of our study is the challenge of determining whether subjects were truly exposed to ZIKV during pregnancy, as symptoms could have resulted from other infections and/or ZIKV infection could have occurred prior to pregnancy. Since viremia may have subsided by the time of study enrollment, we developed an algorithm to define ZIKV infection serologically, even in the context of cross-reactive antibodies from prior DENV infection. This algorithm and ZIKV case definition were based on the rational assumption that ZIKV seropositivity resulted from a recent infection (i.e. during pregnancy) due to the timing of our study relative to the introduction of ZIKV into Brazil. This assumption will not apply in future studies, since the high force of infection during the 2015-2017 outbreak and the potential for subsequent endemic transmission mean many women will already be ZIKV seropositive before pregnancy. Moreover, this study reflects the findings in a symptomatic pregnancy cohort, whereas the majority of ZIKV infections are asymptomatic [100] [101] [102] .
In summary, this study demonstrates efficient transplacental transfer of IgG specific to diverse flavivirus and routine vaccine antigens following ZIKV infection during pregnancy in a unique prospective mother-infant cohort from the Latin American ZIKV outbreak. Transplacental transfer of ZIKV-specific IgG in pregnancy may contribute to protection of the fetus from congenital Zika syndrome and the infant from ZIKV infection. However, efficiently transferred IgG might mediate adverse effects in infants including increased risk of severe DENV in infancy, as well as potentially mediating FcRn-dependent transfer of ZIKV immune complexes into the fetal compartment. The relationship between efficient maternal IgG transfer and reduced or enhanced congenital infection or disease remains to be further elucidated. Delineating ZIKV-specific IgG levels and function that favor fetal and neonatal protection will be key for guiding a strategic timeline for pediatric vaccine boosts, timing of vaccine administration during pregnancy, and dosing of antibody therapies targeted for pregnancy. Longitudinal investigations of neonatal immunity, in the context of transplacental transfer of flavivirus antibodies will be a valuable area of investigation to define serological mediators of risk or protection for infants. Given the uncertain benefits or risks of efficient transfer of flavivirus IgG, ZIKV and DENV vaccine strategies will need to carefully consider the timing and type of vaccination and boosting in order to maintain protective levels of antibodies in women of reproductive age and infants. Table. Clinical results of prenatal screening for TORCH infections. These data from maternal serum samples from pregnany indicate no recent Toxoplasma infections and high seropositivity to rubella virus as tested by chemiluminescent microparticle immunoassays, Also, there was no evidence for syphillis, which was assessed by the VDRL test. Infant cordblood qPCR testing for CMV indicates one potential case of congential CMV transmission in the ZIKV-uninfected group. Proportion of mothers or infants with postive test results are reported as the numerator, whereas the denominator is the number of the total samples tested. 
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